ABSTRACT The energetics and efficiency of light-induced electron transfer across membranes is examined on a molecular level. It is found that the activation energies that control the efficiency are determined by the solvation energies of the chargetransfer states, the redox potentials of the donors and acceptors, and the dielectric relaxation of the system. The formalism developed allows one to assess the efficiency of any artificial photosynthetic system in terms of its molecular components and their local environment. It is pointed out that the key problem in designing an efficient photosynthetic system is the transfer of a charge through a low dielectric environment and that this problem cannot be overcome by choosing the position of the primary donor and acceptor in the membrane. It is predicted that artificial photosynthetic systems can be optimized by placing the acceptors in polar sites that provide a large effective dielectric constant and low dielectric relaxation and by arranging the acceptors in order ofincreasing redox potentials. The implication regarding bacterial photosynthesis is discussed.
Photosynthesis is the most efficient known process for conversion and storage oflight energy. Photosynthetic systems operate by light-induced charge separation across membranes where the electrostatic energy of the charge-separated state is stored in the form ofa pH gradient accompanied by conversion ofADP to ATP (e.g., see ref. 1) . Understanding the microscopic factors that determine the efficiency of such systems is one ofthe most fundamental problems in photobiology and the key bottleneck in designing artificial photosynthetic membranes. The efficiency of photosynthetic systems has been analyzed from phenomenological thermodynamic considerations (2) (3) (4) , but no attempt has been made to define the microscopic requirements for efficient photosynthesis or to relate the energetics of lightinduced charge separation across membranes to the local dielectric environment and molecular components involved. It is clear that nature has achieved efficient photosynthesis by building an optimally arranged protein-membrane system. It is not clear, however, what the problems are that were solved. To address this issue, we take the engineering approach and examine specific problems in developing an efficient conduction chain for light-induced electron transfer across membranes. We find that the overall efficiency can be expressed in terms of the stabilization (salvation) of.the charge-transfer states by their local dielectric environment, the oxidation and reduction potentials of the donors and acceptors, and the dielectric relaxation at their sites. It is shown that the key problem faced by a designer (and hy evolution) is the inherent barrier of transferring charge through the low dielectric region of the membrane.
Phenomenological considerations of photosynthetic efficiency Photosynthetic units that transfer charge across membranes can be described schematically as conduction chains (Fig. 1) . The overall process of light-induced charge separation by such systems can be represented in a phenomenological way by diagrams of the type presented in Fig. 2 . This figure shows how absorption oflight by the ground state, 0, forms an excited state, 1 , that relaxes to the initial charge-transfer state, 2. State 2 can either relax to state n by further charge separation or return to ground state 0. The efficiency of energy storage for absorbed photons can be defined as 71(T) = Cn(T) A&Godn/A&Go0-1O, [1] where AGO, and AGO, are the free energies of the initial exciton state and the final charge-transfer state, respectively.
CJ(T) is the fraction of molecules in state n at a time, T, characteristic of converting the charge-separation energy of state n to other forms ofenergy (e.g., r-1 can be the rate ofconversion. of ADP to ATP). For the system described by Eq. 1, it is possible to show from kinetic considerations (5) given by k, = ken, + k20 + kn,2, and the rate at which the population of state n decays is given by k2 = k2 0kn2/(k2,n + k20 + k,,). Eq. 2 was derived under the assumption that k22on > k2 +0 kn2, which is satisfied by systems with significant efficiency. For 4 will be denoted: (0) (1) = (2) = ... = (n), [5] where DtAO ... A7 AO or Dt AT is denoted as (j). The parameters' defining the rate constants of Eq. 3 can be expressed by a formula that includes a classical.term for the low-frequency modes (6, 7) and a quantum 'mechanical term for tunneling through the high-frequency. modes (8, 9) : Bi-j a (2.ra2/h)(41raRT)-'2 exp[-'Sj. [6] AG*i [AGOUgJ (-n*wi',) + (9) . nr is the quantum number. of the effective mode i, that minimizes AG*.
The classical expression for the.activation energy, AGt, which is given by Eq. 6 with nr = 0, is valid when the size of a is larger than that of AG .i (Fig. 3a) . When the size of a is less than that of AG0,. (Fig. 3i) , the classical expression greatly overestimates the realistic barrier to electron transfer from i to j, and the effects of tunneling through quantum modes must be included. The effect oftunneling is taken into acount by varying the quantum number na in Eq. 6.until the minimum AGI a is found. In a study of bacterial photosynthesis (9), it was found that the neglect oftunneling in the 2 -* 0 reaction leads to errors of more than 10 orders of magnitude in the calculated rate. It appears that the importance of the nr, 0 channels in electrontransfer processes has been overlooked by many workers in this field.
For an arrangement of stacked acceptors, the rate constants and, therefore, the overall efficiency can be analyzed by using Eqs. 3 ration process. The formalism developed previously for analyzing the energetics of the proton pump of bacteriorhodropsin in (10) is used. In this formalism the free energy of the A+A7 charge-transfer state (relative to that of the uncharged ground state) is given by AGOA J-= AG'1 + AGO1-1/re EY + AIW+ + A1;_, [7] where AGSOI is the change in solvation energy of the ith group upon transfer from solution to its site in the-membrane, ri, is the distance between i and j, E is the distance-dependent dielectric constant (defined in ref. 10) , and lAIW is the free energy offorming the charged form ofthe ith group from its uncharged form in solution. The AIs are obtained from the redox potentials of the corresponding groups in solution. Eq. 7 expresses the work (AIw + AIX_) for forming the charged ith and jth groups in-aqueous solution at infinite separation and the electrostatic work ofbringing the two charged groups to their respective sites in the membrane. With this, expression, we can evaluate the AG' for different types of conduction chains.
For a conduction chain of identical acceptors placed inside a membrane in a region of low dielectric (E = 2), where D1 is placed in aqueous solution, AGL'I 0 (because D1 is in water) and AG{i0 -1/(rslje1) is given to a good approximation by AGJsoj. Thus, we can express the energy of thejth charge-transfer state relative to the final state, n, (where both charges are in aqueous solution) by the energy of taking the jth charged group from solution to its site in the membrane. The contribution ofAGj I can.be estimated'by considering the membrane and the solution as continua with dielectric constants 2 and 80, respectively. The energy of the charge jth group relative to its energy in solution is given (in kcal/mol) by (5) [8] where d is the effective radius ofthe acceptor in A, L is the width of the membrane, and R.. is the distance of the jth group from the membrane boundary. The dependence of AG~10 on RX is shown in Fig. 4 . The value of the AGJ01 curve at R2 determines the energy ofstate 2 for the given value ofAIff + A2w. The values obtained from the figure provide simple lower limits for the crucial activation energies AG* and AG 2. For example, in the situation presented in Fig. 4 (9) . In the case of a donor. and acceptor-that are embedded in the same dielectric and separated by a distance X, the solvent contribution to a(E) is given (in kcal/mol; ref.
6) by
a(E) = 322 (1/a-1/X)(6 -2)/(2e). [9] Note that when E = 2, a(E) = 0.
For a case in which the donor is in an environment with 6 = 80, the acceptor in an environment with E 2, and X is larger than 2d, we -obtain (from considerations similar to that of ref. Bi a=62 10'2expt-2.7(Xij -4.6)], [11] where X.j is the distance between the donor and acceptor and This provides an optimal downhill charge-separation process.
tween identical molecules in parallel orientation and up to 2 orders of magnitude smaller for orthogonal orbitals, such as 9r* of donor and ir of acceptor, when a reasonable motion of the donor and acceptor is taken into account (9 Optimization of the efficiency of conduction chains In this section, the efficiency of conduction chains is examined in terms of the microscopic parameters developed in the previous section.
As a simple example, we consider the system shown in Fig.  1 and calculate the efficiency of a conduction chain of identical acceptors (AI' = Ali,+I) embedded in a membrane with a uniform dielectric constant of e = 2. The free energies of the charge-separation process for this system is shown schematically in Figs. 5 and 6a. By assuming an effective radius of the acceptors$ of a = 3 A and that D1 is in solution (R ' -3 A) and by using the requirement that X12 is less than 5 X (which requires R2 s 2 A), Eq. 8 gives AGa,3 = AG 3 -AG 2 -10 kcal/ mol. From Eq. 6, the activation energy of the forward reaction for the situation shown in Fig. 5 is given by AGEn-AG13 11 kcal/mol. By using a typical value of AIl + AIR of 40 kcal/mol,value for AG"-of 4 kcal/mol is found. With B2_0 = B, the efficiency ofthis system cannot exceed 6 X 10-6. Even if A is 2 orders of magnitude larger than Boo, the efficiency of the system is small. The reason for the inefficiency is the relatively high activation barrier associated with transfer of a charge through a low dielectric region. It can be shown (5) that the same or higher "dielectric barrier" exists in other conduction chains of molecules with similar Alw, including the cases when the primary donor and acceptor are placed in the middle of the membrane or when D1 is. on the membrane boundary (R1 = 0).
To understand how nature overcomes the problems inherent in light-induced charge separation across a membrane of low dielectric, we examine the conditions for maximum efficiency in Eq. 2. The optimal value of Cn() is obtained with Yn- 1, k2T < 1 and 4 1. The first two constraints are satisfied (5) when 0 _Gt < AGt 0 + RT ln(A/B2.o), 0 < AG5n-2, AGO2 + AG0o> RT In (B2-oo), [12] [13] [14] in which the condition AGLo > 0 is satisfied in most conceivable conduction chains (5). The constraint 4,-1 provides no insight into the dielectric control of the overall process. It can be satisfied as long as X12 is less than 5 k (Section II) by choosing a primary donor and acceptor that give a value of AGO1.2 such that AG ¶-2 = 0 (5). Our main interest in this work is in the ways to satisfy the conditions ofEqs. 12, 13, and 14. The main options are the following. where the charged form of the acceptors will be stabilized by permanent dipoles (e.g., hydrogen bonds) of the protein (11).
However, as shown in Fig. 6b , the condition AG,01 0 O is still not sufficient for efficiency when AI.' = Aij because AG' 02 -and Eq. 13 is not satisfied.
(ii) Redox Gradient. Eq. 13 can be satisfied when AGS,01 0 by choosing acceptors so that they are arranged in a "redox gradient" with Ali > AIM, where the free energy of the backwards reaction, AGO.2, satisfies Eq. 14. The AGO ,+s will then be negative (as in Fig. 6c ). Note that the optimal value of Al -Ai" depends on the corresponding values of AG,01 I I (iii) Optimal Relaxation. Given AGO. +1, the only additional condition for optimal efficiency is the choice of a. As was pointed out above, a has two contributions: a0 = 1 kcal/mol and an a(E) that depends on the dielectric relaxation of the environment and the interaction with neighboring acceptors.
When nr = 0, the optimal a(E) that gives AG; ,+1 0 is a(E) = AGto +1-ao.
[15]
The above concepts can be used as design criteria for artificial systems. To analyze the efficiency of a proposed system, the 1 The photosynthetic system in bacteria operates in an efficient way that can be analyzed by the concepts of this paper. This system is described in the notation ofthis paper as D5D1A2A3A4 in which D5 is cytochrome c, D1 is a chlorophyll dimer (or tetramer), A2 is bacteriopheophytin, and A3 and A4 are ubiquinone acceptors in protein sites that probably involve bound iron. The charge separation process D5D*A2AA4 A D+D1A2A3A4-involves the separation of charges in the interior ofa membrane rather than the transfer ofcharge from water into the membrane as discussed. The electrostatic free energy for this type of charge separation in a low dielectric environment is given in ref. 5 and involves a high activation barrier. As before, the simplest way to eliminate this barrier is by a combination of (i) stabilization of the acceptors by the dipoles of the protein active site to give a small value for AG,01 -1/rije and (ii) a redox gradient. The efficient operation of the system requires a negative AGO j+1, which is apparently satisfied (e.g., see figure 1 ofref. 12), and optimal as. The optimal as and their relation to protein relaxation are discussed in detail in ref. 12 . We only mention here that ifthe primary acceptor is a tetramer rather than a monomer, then no protein relaxation is needed (12) .
Discussion
The idea that photosynthetic systems operate by charge separation across membranes has been around for a long time (e.g., see ref. 13) , and various aspects oflight-induced electron transfer have been analyzed (9, 14) . However, the crucial role ofthe dielectric environment has not been examined on a molecular level. This work takes a microscopic approach and shows that the overall activation barrier for the photosynthetic process can be evaluated by considering the electrostatic energies of consecutive charge transfer states. The energies ofthe intermediate states are analyzed in terms of the free energies of transferring charge from water to different sites in the membrane and the reduction and oxidation potentials of the donors and acceptors involved [this approach is also applicable to proton pumps (10) ] . This provides a microscopic basis (Fig. 4) for phenomological diagrams such as Fig. 2 . Our analysis is used to demonstrate that the key problem in designing photosynthetic systems is the intrinsic barrier associated with transferring a charge through a low dielectric region surrounded on both sides by a high dielectric medium. Although this point might seem obvious, it should be noted that the relation between the well-known principle ofdestabilization ofcharges in low dielectric environments and the overall rate of light-induced electron transfer across membranes has not been pointed out. Our formalism is used to examine the ways to obtain significant efficiency. It is found that the efficiency of light-induced charge separation can be increased by several means (i) The electron acceptors should be placed in polar or partially polar sites (e.g., protein active sites), where the charged forms of the acceptors are stabilized by the dipoles of their local environment.
(ii) The acceptors should be arranged in order ofdecreasing redox potential, thus providing a "redox gradient" that prevents the back reaction. ( iii) The relaxation a ofthe acceptor sites and the other relaxing components of the conduction chain should satisfy Eq. 15, giving a value of0 for the activation energy ofthe forward reaction. As shown in Fig. 6 and argued in ref. 5 , the optimal a can not be obtained in low dielectric sites and weakly interacting chromophores or in sites with too large a dielectric relaxation (e.g., aqueous sites). The optimal a can be obtained by a small relaxation ofthe dipoles of the local environment or by relaxation in the intermolecular interactions between neighboring components of the conduction chain [e.g., the chlorophyll dimer (9) ], or by both. Obviously, various arrangements that combine dielectric control and redox gradient in different ways could be expected to provide efficient photosynthetic systems. Thus, the main point of this work is not in proposing the most efficient system but in pointing out the role ofthe membrane barrier and in offering a way to analyze the efficiency ofvarious conceivable models at a microscopic level. This type of analysis is expected to be particularly useful in designing the artificial photosynthetic systems.
